There is growing international interest in how environmental conditions experienced during development can shape adult phenotypes and the extent to which such induced changes are adaptive. One physiological system that links an individual to changes in environmental circumstances during development is the hypothalamic-pituitary-adrenal axis. Mammalian studies have linked early postnatal stress to later changes in the hypothalamic-pituitary-adrenal axis; however, the physiological link [lactational corticosterone (CORT) transfer] between mother and offspring during postnatal development constrains the ability to determine the direct effects of such stressors on subsequent physiology and behavior. Here we present a novel model using an avian species, the zebra finch (Taeniopygia guttata), in which maternal hormonal transfer during postnatal development is likely to be absent. Postnatal exposure of chicks to the stress hormone CORT was manipulated for a 16-d period up until nutritional independence (28 d), and the long-term effects on the physiological response to stress determined. CORT doses were scaled to mimic the physiological response of juvenile birds to a capture-handling-restraint protocol. CORT-fed birds showed exaggerated and prolonged responses to acute stress at 60 d of age. Our results clearly demonstrate that postnatal stress has significant long-term effects on the physiological stress response in birds and provides a potential mechanism underlying long-term behavioural responses to developmental conditions. This study represents the first direct evidence for postnatal glucocorticoid programming of the stress response using this novel model for postnatal stress. This model therefore provides an important tool with which to investigate the role of glucocorticoids in shaping adult phenotypes. (Endocrinology 150: 
There is growing international interest in how environmental conditions experienced during development can shape adult phenotypes and the extent to which such induced changes are adaptive. One physiological system that links an individual to changes in environmental circumstances during development is the hypothalamic-pituitary-adrenal axis. Mammalian studies have linked early postnatal stress to later changes in the hypothalamic-pituitary-adrenal axis; however, the physiological link [lactational corticosterone (CORT) transfer] between mother and offspring during postnatal development constrains the ability to determine the direct effects of such stressors on subsequent physiology and behavior. Here we present a novel model using an avian species, the zebra finch (Taeniopygia guttata), in which maternal hormonal transfer during postnatal development is likely to be absent. Postnatal exposure of chicks to the stress hormone CORT was manipulated for a 16-d period up until nutritional independence (28 d) , and the long-term effects on the physiological response to stress determined. CORT doses were scaled to mimic the physiological response of juvenile birds to a capture-handling-restraint protocol. CORT-fed birds showed exaggerated and prolonged responses to acute stress at 60 d of age. Our results clearly demonstrate that postnatal stress has significant long-term effects on the physiological stress response in birds and provides a potential mechanism underlying long-term behavioural responses to developmental conditions. This study represents the first direct evidence for postnatal glucocorticoid programming of the stress response using this novel model for postnatal stress. This model therefore provides an important tool with which to investigate the role of glucocorticoids in shaping adult phenotypes. (Endocrinology 150: 1931-1934, 2009) E xposure to stressful events during growth and development is known to have significant effects on a range of phenotypic traits in later life (1) (2) (3) (4) . Most detailed work in this area has been carried out in mammals, in which postnatal stress and experimentally elevated glucocorticoid concentrations can significantly affect later behavior and stress physiology (5) (6) (7) (8) (9) (10) , and the nature of these induced effects has been shown to vary with the type of postnatal stressor (5, 7, 8, 11, 12) . Mammalian lactation, and the physiological link that this creates between mother and offspring, makes it difficult to identify whether such programmed effects are mediated by altered maternal hormone levels, transferred to the offspring in milk, or by direct alteration of the offspring hypothalamic-pituitary-adrenal (HPA) system. Maternal hormone transfer therefore limits our ability to determine the direct effects of glucocorticoid exposure in postnatal life on subsequent stress responses because the dosage experienced by the offspring may vary with time and feeding regimen. Problems due to the transfer of maternal hormones can be overcome by direct administration of glucocorticoids to pups via injection, in which all offspring treatment groups are present within each litter (6) . Nonetheless, the potential for differential transfer of additional glucocorticoids between mother and pup, during lactation, means that maternal effects on postnatal stress hormone concentrations cannot be excluded.
Altricial birds could provide a useful alternative model that overcomes this difficulty. The removal of the physiological intimacy between mother and offspring, in birds, allows examination of the effects of controlled exposure to glucocorticoids during postnatal development, on later phenotypic traits. In addition the altricial nature of these species means that the degree of postnatal HPA axis development is comparable to that seen in most well-used mammalian models (13) (14) (15) (16) . Thus, it should be possible, using an altricial bird model, to tease apart the effects of maternal and offspring responses to stressful conditions during postnatal development. Here we confirm the utility of this system by demonstrating that elevated exogenous glucocorticoid exposure, via administration of corticosterone (CORT) during postnatal development, influences the physiological response of the HPA axis to stress in later life in an altricial bird species, the zebra finch.
Materials and Methods
Adult zebra finches were randomly paired and housed in 60-ϫ 50-ϫ 50-cm cages equipped with nest boxes and nesting material (coconut fiber). Birds were maintained at a temperature of 20 -24 C and a photoperiod of 14-h light, 10-h dark cycle. Breeding pairs were provided with a commercial tropical seed mixture (Haiths Ltd., Grimsby, UK), water, shell grit, and cuttlefish bone ad libitum, supplemented with rearing and conditioning food (Haiths) and greens (spinach) once per week until their offspring hatched. Then birds received supplementary conditioning food daily. Individually marked birds were sorted into same-sex sibling pairs at d 5 after hatching using a standard sexing protocol (17) , and one member of each pair was randomly assigned to either the control or CORT-fed group. Hatching order was counterbalanced across the groups to minimize confounding effects of any differences in basal CORT concentrations (13) . In total, 34 sibling pairs were obtained: n ϭ 9 female pairs and n ϭ 25 male pairs.
Treatment with CORT occurred between d 12 and 28 (chicks become nutritionally independent at 28 d). Between d 12 and 15, CORT-fed birds received twice-daily, oral boluses (25 l) of corticosterone (Sigma Aldrich, Poole, UK; 0.124 mg/ml in peanut oil), approximately 5 Ϯ 1 (SEM) h apart (18) . This gave a total daily dose of 6.2 g. After d 16, this dose was increased to 8.15 g/d by increasing the concentration of the administered CORT to 0.163 mg/ml. Control birds received peanut oil. Circulating CORT concentrations were ascertained from blood samples (50 l) collected from 14-d-old birds 10 min after administration of either CORT or peanut oil. CORT averaged (ϮSEM) 28.5 Ϯ 2.1 ng/ml in CORTfed and 8.7 Ϯ 1.3 ng/ml in control birds, concentrations that are comparable with stress-induced and baseline CORT concentrations in similarly aged finches (n ϭ 18 birds; our unpublished pilot data). Body mass was recorded in all birds at 12, 28, and 60 d of age.
At 60 d of age, stress responses were assessed using a standardized capture handling restraint protocol. Specifically, sibling pairs were captured between the hours of 1100 and 1500 h and blood samples (50 l) collected (within 2 min of capture) to obtain a measure of basal CORT concentrations. Birds were then placed into an opaque box and blood samples collected 10 and 30 min after capture. All samples were centrifuged and stored at Ϫ20 C for later RIA. All procedures were carried out under Home Office license no. 60/3447.
Hormone assays
After extraction of 10-to 20-l aliquots of plasma in 1ml of diethyl ether, CORT concentrations were measured by RIA, using anti-CORT antiserum code B3-163 (1:100 dilution in assay buffer: 0.01 M PBS, 0.5% BSA; Esoterix, Austin, TX) and [1,2,6,7-3H]CORT label (GE Healthcare, Chalfont St Giles, Buckinghamshire, UK). Extraction efficiencies were estimated for each sample and ranged between 74 and 96%. Samples from sibling pairs were analyzed in the same assay to allow comparisons between siblings from the different treatments; the mean detection limit for all assays (n ϭ 3) was 0.3 ng/ml, and intraassay coefficients of variation averaged 0.21, and interassay variation was 0.14.
Statistical analysis
All data were analyzed using repeated-measures general linear models (SPSS, Chicago, IL), controlling for sibling pairs. Models tested the between subject effects of sex and brood size. Several dependent variables were tested including baseline CORT (sample taken within 2 min of capture), peak CORT (sample with highest CORT concentration at either 10 or 30 min), and the change in CORT between 10 and 30 min after capture (10 birds were removed from this analysis due to lack of a 30-min sample). Peak CORT was used because not all birds showed highest CORT responses at 10 min; however, the small numbers of birds peaking at 30 min were equally distributed across treatment and sex ( 2 test, P Ͼ 0.7). Models also included sibling growth rates during the experimental treatment (d 12-28) and after the treatment (28 -60 d) as covariates.
Stepwise deletion of nonsignificant between-subject terms was used. All residuals were checked for normality.
Results
Experimental CORT administration significantly depressed growth in the CORT-fed birds (F 1,32 ϭ 7.83, P ϭ 0.009). Once treatments had ceased, birds from the CORT-fed group showed elevated growth rates compared with their siblings (F 1,33 ϭ 12.94, P ϭ 0.001) and by d 60 after hatch, there was no significant difference in mass across treatments (F 1,32 ϭ 0.53, P ϭ 0.47). There were no effects of sex or brood size (P Ͼ 0.14) on growth rates.
There were no effects of developmental CORT treatment on baseline CORT concentrations at 60 d (F 1,26 ϭ 0.51, P ϭ 0.48, Fig. 1 ). There were also no effects of growth rate during or after the treatment period on d 60 baseline CORT concentrations (P Ͼ 0.40). There were no effects of sex or any interaction with CORT treatment (P Ͼ 0.20) on baseline CORT concentrations. However, there was an interaction between sex and brood size (F 2,26 ϭ 4.09, P ϭ 0.03), in which females from nests with a brood size of three nestlings had elevated baseline CORT concentrations compared with their male counterparts (P Ͻ 0.05).
After a standardized stressor, birds within the CORT-fed group had significantly elevated peak CORT concentrations at 60 d of age compared with their control siblings (F 1,26 ϭ 8.1, P ϭ 0.008, Figs. 1 and 2A ). There were no effects of growth either during or after treatment on peak CORT concentrations (P Ͼ 0.72) and no interaction of treatment with either brood size or sex (P Ͼ 0.20). The only significant interaction was found between sex and brood size (F 2,26 ϭ 3.3, P ϭ 0.05). This again was driven by elevated CORT concentrations in females from nests with three nestlings (P Ͻ 0.05).
The decline in CORT concentration at 30 min after capture, relative to that seen at 10 min, was significantly less in the CORT-fed group compared with controls (F 1,20 ϭ 5.67, P ϭ 0.03, Figs. 1 and 2B ), but again this was not affected by measures of growth, sex, brood size, or any interaction between the two (P Ͼ 0.35).
Discussion
Our results clearly demonstrate that repeated acute exposure to CORT during the postnatal period, in both male and female birds, has significant long-term effects on the physiological stress response. These effects are comparable with the results seen in mammalian studies of prolonged maternal separation and direct manipulation of offspring glucocorticoid exposure. The concentrations of exogenous CORT used in this study were carefully scaled to produce physiological increases, comparable with those experienced naturally. Our data therefore suggest that persistent environmental perturbations during the period of postnatal growth have long-term effects on physiological systems that are critical to an individual's ability to react to its environment and thus are fundamental to its survival. Recent avian work has suggested that postnatal stress can have immediate effects on stress responses, with deleterious conditions resulting in elevated basal and/or peak stress responses (14, 19 -23) . One further study has also suggested that food availability during the nestling period could have long-term effects on the stress response, similar to the results seen in the current study (24) . To our knowledge this is the first study to show that direct manipulation of CORT exposure during postnatal development has long-term consequences for the stress response in birds. The mechanisms that underlie the physiological changes observed in this study are currently unknown. Intracellular receptor down-regulation has previously been reported in response to postnatal glucocorticoid exposure in mammals, resulting in a reduced capacity for negative feedback and a prolonged release of CORT in response to acute stress (25) (26) (27) (28) . Therefore, our finding that glucocorticoid exposure during development causes hyperresponsiveness and a slower reduction in CORT after acute stress may be related to changes in intracellular receptor densities. Although very little is known about the effects of early stress on these systems in birds, a recent study suggested that elevated glucocorticoid exposure may reduce mineralocorticoid receptor expression in the hippocampus (29) . Because both gluco-and mineralocorticoid receptors are required for the normal stress response, this finding would support the proposal that early CORT exposure can affect receptor expression in later life in birds and demonstrates the parallels between the avian and mammalian physiological systems regulating the stress response. In mammals, chronic stress can result in increased adrenal gland size (30) , possibly due to cellular hyperplasia in the zona fasciculata of the adrenal cortex, the site of ACTH action (30) . Therefore, it is possible that the changes to peak stress responses observed in the current study could also be due to similar changes in adrenal size.
Our experimental treatments, significantly affected the patterns of growth in nestling zebra finches, resulting in reduced growth, which was then followed by a period of compensatory growth. Compensatory growth can have long-term negative physiological effects (31) . The statistical models used for the analysis of the data from this study included the growth rates during CORT treatment and the compensatory period and showed no effect of either growth measure on any stress response parameter tested. Thus, we can conclude that the observed effects on stress responses were due to the effects of postnatal CORT treatment and were not indirect effects due to altered growth. This does not, however, rule out the possibility that growth rates are driving changes in other response variables, such as behavior or other physiological traits that may affect the stress axis, and it should be noted that developmental CORT concentrations are often associated with decreased growth rates.
We detected no sex differences in the effects of CORT treatment on stress-induced CORT concentrations in this experiment. Although there is no sexual size dimorphism in zebra finches, previous studies suggested that females may be more susceptible to stress through either food restriction or brood size manipulation during development, resulting in decreased survival or altered metabolism (32, 33) . Another study, however, has shown that experimental CORT administration during the nestling phase affected neophobic behavior in male but not female zebra finches (18) . Our finding that females from nests with a small brood size (range three to six nestlings) and hence potentially lower sibling competition exhibited exaggerated stress responses seems counterintuitive. However, this finding is based on a small sample size (n ϭ 3 pairs) and the biological relevance is therefore hard to determine without further study.
In summary, our study supports the hypothesis that postnatal exposure to elevated concentrations of glucocorticoids promotes persistent changes in the HPA axis. Although the underlying mechanism is currently unknown in birds, our results parallel those seen in many mammalian studies, suggesting that glucocorticoid programming is a basic process with pleiotropic effects on a wide range of species. The use of an avian model overcomes the potential constraints imposed on mammalian studies of this nature due to maternal transfer of hormones in response to variation in offspring or maternal state. In addition, the use of this novel model for early life programming will not only add to the large body of mammalian work in this area but also further our understanding of the fundamental importance of an individuals response to its environment during development on its subsequent physiology, survival, and health.
